Aromatic nitrones have been synthesized and investigated for their function as inhibitor for the corrosion of mild steel in the organic acid media -20% formic acid and 20% acetic acid at various inhibitor concentrations in the range of 50 -150 ppm. Weight loss measurements and potentio-dynamic polarization studies reveal that the nitrones behave as mixed type inhibitors. Among the nitrones tested, para-methyl substituted derivatives perform better as inhibitors than the un-substituted nitrones.
Introduction
Studies on the corrosion of metals / alloys in organic acid media are of industrial importance since most carboxylic acids are used as building blocks in a variety of industrial products such as plastics, fibres, drugs, pharmaceuticals, etc. [1] [2] [3] [4] [5] [6] [7] [8] [9] . Organic substances with hetero-atoms such as nitrogen, oxygen, sulphur etc., which possess lone pair of electrons, are used as corrosion inhibitors for various combinations of materials and corroding media [10] [11] [12] [13] . It has been observed that the adsorption of the inhibitor mainly depends on the presence of electrons on the heteroatom. Adsorption is greatly induced by the inhibitor molecules with higher electron density [14] . The behaviour of nitrones as inhibitors of corrosion of mild steel in acidic solutions has been reported in the literature [15, 16] . T.Vasudevan et al. [16] have shown in their study that nitrones function by adsorption following Temkin's model and also by the reduction of hydrogen permeation current. Now, we wish to report an efficient method for corrosion inhibition of mild steel in organic acid media using nitrones.
Experimental

Synthesis of nitrones
The nitrones are prepared by the reported method [17] [18] [19] and the details of the nitrones used for the study is listed below. The inhibition of corrosion of mild steel in organic acids (such as 20% formic acid and 20% acetic acid) are carried out and the results discussed.
Electrolyte AR Grade formic acid, acetic acid and double distilled water were used for the preparation of corroding medium / test solution. The inhibitors were synthesized following the procedure described earlier [17] [18] [19] and the compounds were characterized through the spectral data and their purity confirmed by TLC / FT-IR / NMR study [20, 21] .
Material preparation Weight loss measurement
Mild steel specimens of size 6 cm X 5 cm X 0.05 cm were used for weight loss measurement. Each coupon was degreased by washing with ethanol followed by rinsing in acetone, allowed to dry and kept in a desiccator prior to use. The precleaned and weighed coupons were dipped in beakers containing 20% formic and acetic acid by choosing the inhibition concentration of 50 and 150 ppm of nitrones and substituted nitrones, respectively. The immersion time of 24 hours at room temperature was maintained during the experiment. All weight loss measurements are reported as the average of three trials to achieve the accuracy. At the end of the test, the specimen was carefully washed with distilled water, dried and weighed accurately. The weight loss was calculated from the difference between the weight before and after the end of the experiment, and the corrosion rate was calculated using the following formula:
Corrosion rate = 534 W / DAT where W, D, A and T are respectively weight loss in mg, density in g/cc, specimen area in square inch and exposure time in hours [22] . The inhibition efficiency (IE) was calculated using the relation IE = (W 0 -W i ) X 100 / W 0 where W 0 and W i are respectively the weight loss values in the absence and in the presence of inhibitor. The weight loss measurements were taken at different concentrations of the various inhibitors.
Adsorption isotherm
Since the inhibitive action is promoted by adsorption phenomena, the surface coverage (θ) of the inhibitors is determined using the relation
The experiments were carried out as per the method described [23] . The adsorption data are fitted into Temkin adsorption isotherm.
Electrochemical polarization measurements
Strips of mild steel specimens of the same composition as used for weight loss measurement were used for potentiodynamic polarization studies. The strips were coated with commercially available lacquer with an exposed area of 1.0 cm 2 . The experiments were carried out at the bath temperature of 20 °C. Autolab Electrochemical Analyzer with three-electrode assembly accessory was used for this study. Platinum foil of 2 cm X 2 cm size was used as the counter-electrode and a Saturated Calomel Electrode (SCE) was used as reference electrode. The working electrode attained the steady potential -rest potential in the corroding medium within 5 minutes. Both anodic and cathodic polarization studies were made at a sweep rate of 1 mV/s.
Results and discussion
Weight loss measurement
From weight loss measurement, it is evident that the inhibition efficiency increases with increase in concentration of the given inhibitor, in both the acids. The inhibition efficiency tends to decrease more in formic acid than in acetic acid. It has been observed that IE% of all the substituted nitrones increased when compared to nitrones, and also with increase in concentration from 50 to 150 ppm. The IE% increased indicating the formation of a film over the surface of mild steel which protects the metal from dissolution. The inhibition efficiency of the inhibitor material depends on various factors, such as the number of adsorption sites, charge density, molecular size, heat of hydrogenation, mode of interaction with the metal surface to form a metallic complex [24] . The inhibitor molecule inhibits corrosion of mild steel by adsorption on the mild steel-solution interface; adsorption provides the information about the interaction around the adsorbed molecules themselves as well as their interaction with the metal surface [25] . The inhibition efficiency of nitrones and substituted nitrones in formic and acetic acid with two different concentrations are shown in Fig. 1 and Fig. 2 , respectively. 
MS IN HCOOH -INHIBITOR EFFECT
Adsorption isotherm
The extent of inhibition depends on the nature and mode of adsorption of the inhibitors on the metal surface [26] . The adsorption follows a quasi-substitution process between water molecules on the surface and organic molecules. The adsorption follows Temkin's model. The degree of surface coverage θ for nitrones and substituted nitrones in formic acid and acetic acid was evaluated using weight loss method. The data obtained were tested graphically by θ vs. ln C. Fig. 3 and 4 conform the suitability of Temkin isotherm. The sequence of inhibition capacity is of the order SN > BCl > BN in 20% formic acid medium for unsubstituted nitrones, whereas it follows the order MSN > MBCl > MBN for para-methyl substituted derivatives. The overall performance of the para-methyl substituted nitrones in corrosion inhibition is better than that of un-substituted nitrones. This is attributed to the higher electron density on the methyl-substituted nitrones, which enhances the adsorption characteristics with the metal surface and hence promotes inhibition. This observation is further evidenced by the higher surface coverage values (θ) of substituted nitrones than those of the unsubstituted nitrones.
MS IN HCOOH -ALL INHIBITORS
Electrochemical polarization studies
Potentiodynamic behaviour of the anodic dissolution of mild steel in acid medium in presence and absence of nitrones is given in Fig. 5 for formic acid and in Fig. 6 for acetic acid. From the polarization curves, it is evident that the inhibitors block the active sites for cathodic reaction to occur and also prevent the metal dissolution process. Furthermore, it is observed that cathodic curves are more affected than anodic curves, indicating that the nitrones act as mixed inhibitors showing predominant cathodic effect. Moreover, the nitrones possess electro-active nitrogen, oxygen atoms and an aromatic ring which favour the adsorption phenomenon. The nitrone molecules tend to be adsorbed on to the mild steel substrate as a negatively charged species which can form a complex with the positive metal cation Fe
2+
. Furthermore, corrosion of mild steel in organic acid medium may occur as follows [9] Similarly for formic acid medium, which is almost 10 times stronger than acetic acid, the hydrogen evolution can take place on mild steel surface as follows: The overall performance of the para-methyl substituted nitrones in corrosion inhibition is better than that of un-substituted nitrones. This is attributed to the higher electron density on the methyl-substituted nitrones, which enhances the adsorption characteristics with the metal surface and hence promotes inhibition.
Here the poor performance of BCl and MBCl compared to that in 20 % may be due to the presence of more electronegative chlorine atom, which effectively reduces the electron density of the inhibitor but promotes ionization. The resultant ionic species are in more contact with the ionized acetic acid than being adsorbed on the metal surface to render inhibition characteristics. This observation is further evidenced by the higher surface coverage values (θ) of substituted nitrones than the unsubstituted nitrones.
Conclusion
In conclusion, we have shown that nitrones show better performance as inhibitors for corrosion of mild steel in 20% formic acid and 20% acetic acid. Methyl substituted nitrones perform better than un-substituted nitrones in inhibiting corrosion. It was found that all the compounds function by adsorption mechanism following Temkin's model.
